
Technical Report A-99-2 
February 1999 

US Army Corps 
of Engineers 
Waterways Experiment 
Station 

Aquatic Plant Control Research Program 

Predicting the Invasion of Eurasian 
Watermilfoil into Northern Lakes 

by   John D. Madsen, WES 

WES 
Approved For Public Release; Distribution Is Unlimited 

DTIC QUALITY «MBSOTEga^ 

Prepared for   Headquarters, U.S. Army Corps of Engineers 



The contents of this report are not to be used for advertising, 
publication, or promotional purposes. Citation of trade names 
does not constitute an official endorsement or approval of the use 
of such commercial products. 

The findings of this report are not to be construed as an 
official Department of the Army position, unless so desig- 
nated by other authorized documents. 

® PRINTED ON RECYCLED PAPER 



US Army Corps 
of Engineers 
Waterways Experiment 
Station 

HEADQUARTERS 
BUILDING—- 

FOR INFORMATION CONTACT: 
PUBLIC AFFAIRS OFFICE 
U.S. ARMY ENGINEER 
WATERWAYS EXPERIMENT STATION 
3909 HALLS FERRY ROAD 
V1CKSBURG, MISSISSäPPI 39180-6199 
PHONE: (601) 634-2502 

STRUCTURES 
LABORATORY 

AREA OF RESERVATION . S ? W km 

Waterways Experiment Station Cataloging-in-Publication Data 

Madsen, John Douglas. 
Predicting the invasion of Eurasian watermilfoil into northern lakes / by John D. Madsen 

prepared for U.S. Army Corps of Engineers. 
90 p.: ill.; 28 cm. — (Technical report; A-99-2) 
Includes bibliographic references. 
1. Eurasian watermilfoil. 2. Aquatic plants. 3. Plant invasions. I. United States. Army. 

Corps of Engineers. II. U.S. Army Engineer Waterways Experiment Station. III. Aquatic 
Plant Control Research Program (U.S. Army Engineer Waterways Experiment Station) 
IV. Title. V. Series: Technical report (U.S. Army Engineer Waterways Experiment 
Station); A-99-2. 
TA7 W34 no.A-99-2 



Contents 

Preface iv 

1—Analysis of Limnological Data  1 

Introduction 1 
Materials and Methods  3 

. Results and Discussion 5 

2—Application to the Distribution of Eurasian Watermilfoil in Minnesota ... 11 

Introduction 11 
Materials and Methods 11 
Results and Discussion 12 

3—Field Surveys of Wisconsin Lakes 16 

Introduction 16 
Study Sites   16 
Materials and Methods 16 
Results and Discussion 17 

References 31 

Appendix A: Data from Literature Sources   Al 

Appendix B: Data for Lakes Used in Limnological 
Comparisons   B2 

SF298 

ill 



Preface 

The work reported herein was conducted as part of the Aquatic Plant Control 
Research Program (APCRP), Work Unit 32805, in cooperation with the 
Minnesota Department of Natural Resources. Funding was provided under 
Department of the Army Appropriation No. 96X3122, Construction General, and 
the State of Minnesota. The APCRP is sponsored by the Headquarters, 
U.S. Army Corps of Engineers (HQUSACE), and is assigned to the U.S. Army 
Engineer Waterways Experiment Station (WES) under the purview of the 
Environmental Laboratory (EL). The APCRP is managed under the Center for 
Aquatic Plant Research and Technology (CAPRT). Dr. John W. Barko, EL, was 
the CAPRT Director, and Mr. Robert C. Gunkel, Jr., EL was Assistant Director. 
Program Monitor during this study was Mr. Timothy Toplisek, HQUSACE. 

This study was conducted by, and the report prepared by, Dr. John D. 
Madsen, Environmental Processes and Effects Division (EPED), EL, WES. 
Technical assistance was provided by Mr. John Skogerboe, EPED, and 
Ms. Chetta Owens, AScI, Lewisville Aquatic Ecosystem Research Facility, 
Lewisville, TX. Unpublished data were provided by Dr. Steven Carpenter and 
Mr. Sarig Gafay, University of Wisconsin-Madison; Ms. Holly Crosson, 
Vermont Department of Environmental Conservation; Ms. Wendy Davis, 
COLAM; Drs. Sandy Engel and Dick Lillie and Messers. Jim Leverence, James 
Vennie, and Bob Wakeman, Wisconsin Department of Natural Resources; 
Dr. Steven Heiskary, Minnesota Pollution Control Agency; Dr. Peter Newroth, 
British Columbia Ministry of the Environment; Dr. Stan Nichols, Wisconsin 
Geological and Natural History Survey; Mr. Scott Painter, Environment Canada; 
Messrs. Dennis Schupp and Charles W. Welling, Minnesota Department of 
Natural Resources; Ms. Frances Solomon, King County, WA; Mr. Mark 
Swartout, Thurston County, WA; Ms. Susan Warren, Vermont Department of 
Natural Resources; and Mr. George Wood, Blue Spring Lake Association, WI. 
Mr. Skogerboe and Ms. Owens provided reviews of this report. Portions of this 
report have been published in modified form in the Journal of Aquatic Plant 
Management Vol. 36. 

The investigation was conducted under the general supervision of Dr. John 
Harrison, Director, EL, and Dr. Richard E. Price, Chief, EPED, and under the 
direct supervision of Dr. Robert Kennedy, Acting Chief, Ecosystem Processes 
and Effects Branch. 

IV 



At the time of publication of this report, Commander of WES was 
COL Robin R. Cababa, EN. 

This report should be cited as follows: 

Madsen, John D. (1998). "Predicting the invasion of Eurasian watermil- 
foil into northern lakes," Technical Report A-99-2, U.S. Army Engineer 
Waterways Experiment Station, Vicksburg, MS. 

The contents of this report are not to be used for advertising, publication, or 
promotional purposes. Citation of trade names does not constitute an 
official endorsement or approval of the use of such commercial products. 



1    Analysis of Limnological 
Data 

Introduction 

Littoral zone plants are an important component of the lake ecosystem 
(Ozimek, Gulati, and van Donk 1990), providing food and habitat for macro- 
invertebrates and fish (Cyr and Downing 1988, Savino and Stein 1989), stabiliz- 
ing bottom sediments and binding nutrients (Maceina et al. 1992), and reducing 
turbidity in the water column by increasing sedimentation rates (Petticrew and 
Kalff 1992).   Nevertheless, the introduction of nonindigenous aquatic plants 
into littoral zone environments may alter the complex web of biotic and abiotic 
interactions. Dense stands of some mat-forming plant species reduce oxygen 
exchange, deplete available dissolved oxygen, increase water temperatures, and 
increase internal loading rates of nutrients (Frodge, Thomas, and Pauley 1991; 
Frodge et al. 1995; Seki, Takahashi, and Ichimura 1979). Dense canopies 
formed by some nonindigenous species reduce native plant diversity and abun- 
dance (Madsen et al. 1991). The reduction of habitat complexity results in 
reduced macroinvertebrate diversity and abundance (Krull 1970, Keast 1984) 
and also reduces growth of fishes (Lillie and Budd 1992). The advent of non- 
indigenous plant species is not only deleterious to human use of aquatic systems 
but is also detrimental to the native ecosystem. 

Eurasian watermilfoil (Myriophyllum spicatum L.) was first introduced to the 
United States in the 1940's (Couch and Nelson 1985). Presently, it is found in 
44 of the lower 48 states (U.S. Geological Survey (USGS) 1997) and several 
Canadian provinces from Quebec to British Columbia (Aiken, Newroth, and 
Wile 1979; Couch and Nelson 1985). Eurasian watermilfoil is a perennial 
herbaceous submersed plant which forms a dense canopy of branches at the 
surface (Aiken, Newroth, and Wile 1979; Smith and Barko 1990). Eurasian 
watermilfoil spreads from one lake to another by mass flow of water and by 
accidental introduction by boats and boat trailers (Aiken, Newroth, and Wile 
1979; Newroth 1993). Spread between lakes and within lakes is predominantly 
by vegetative fragments (Kimbel 1982; Madsen, Eichler, and Boylen 1988). 
Localized spread is by root crowns and runners (Madsen, Eichler, and Boylen 
1988; Madsen and Smith 1997). Although viable seeds are formed, they are not 
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generally significant in the perennation or spread of the plant (Madsen and 
Boylen 1989; Hartleb, Madsen, and Boylen 1993). 

The invasion process for nonindigenous species follows a progression from 
introduction, establishment, and colony formation stages.   Each step of this 
process, and subsequent growth, is moderated by environmental factors affecting 
the outcome. The subsequent growth of the colony is affected by a broad suite 
of abiotic and biotic factors. The abundance of the invading plant can be 
described by a Gaussian relationship (Figure 1). The curved solid line represents 
the upper boundary of abundance. Plant abundance also occurs below the line 
when limited by other environmental parameters, biotic activity, disturbance, or 
insufficient time elapsing to reach maximal levels. If the maximal level is of 
interest, then the best approach is to approximate an upper boundary to the plant 
abundance (Figure 1, dashed line). 
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Figure 1.   Diagram of a theoretical Gaussian distribu- 
tion of plant abundance along an environ- 
mental gradient (solid line) and an 
approximated boundary (dashed line) 

The goals of this study were to correlate limnological parameters to Eurasian 
watermilfoil dominance and, from these relationships, to develop estimates 
predicting invasion success. This tool would then be used to allocate resources 
toward monitoring and managing lakes most likely to develop problem popula- 
tions of Eurasian watermilfoil. 
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Materials and Methods 

A literature review of lakes with Eurasian watermilfoil populations resulted 
in data for over 300 lakes from 30 publications and 14 unpublished sources that 
indicated both Eurasian watermilfoil dominance and relevant limnological data. 
The original data compilation of all sources is presented as Appendix A. Data 
were obtained for lakes in Vermont, New York, Michigan, Wisconsin, 
Minnesota, Washington, Oregon, Alabama, Ontario, and British Columbia. 
Typically, only one year of data was obtained for each lake. These data were 
combined for lakes in order to make as complete a data matrix as possible 
(Appendix B). In addition, the "dominance" of Eurasian watermilfoil was 
calculated. This "dominance" factor was combined as percent of littoral zone in 
which Eurasian watermilfoil was present or as percent cover of Eurasian 
watermilfoil in the littoral zone.  Although these parameters are not equivalent, 
there would have been insufficient data to evaluate any relationships without 
combining data at some level. 

Plant abundance and distribution were measured in various ways and reported 
in different units. These diverse methods have been converted into a measure of 
Eurasian watermilfoil dominance which is computed as the proportion, or per- 
cent, of the littoral zone in which Eurasian watermilfoil was found. The neces- 
sity of restricting Eurasian watermilfoil data to this measure resulted in the 
discarding of some lakes and studies from consideration. A total of 103 lakes 
had sufficient data to calculate the estimate of Eurasian watermilfoil dominance. 

Plant community data included: 

a. Aquatic plant species presence and/or abundance 

b. Eurasian watermilfoil biomass 

c. Eurasian watermilfoil percent cover 

d. Native plant percent cover 

e. Eurasian watermilfoil cover area (littoral zone) 

/. Native plant cover area (littoral zone) 

Lake morphometry information for each lake included: 

a. Maximum depth 

b. Average depth 

c. Area 
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d. Littoral zone area 

e. Shoreline development 

Limnological data sought included: 

a. Secchi disk depth 

b. Light attenuation coefficient 

c. Alkalinity 

d. Total phosphorus 

e. Phosphorus loading rate 

/ Total nitrogen 

g. Nitrogen loading rate 

h. Trophic state 

i. Carlson's trophic state index (Carlson 1977) 

j. Dissolved inorganic carbon 

k. Acid neutralizing capacity 

Other information that was included: 

a. State 

b. County 

c. Township 

d. Geoposition (latitude, longitude) 

e. Glaciated versus unglaciated 

/. Soils 

g. Soil erosion rate 

h. Sedimentation rate 

i. Land use 
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For most variables, insufficient data were found to continue analysis. Of the 
31 parameter groups investigated, data will be presented for 7: 

a. Cumulative native plant cover (the sum of the cover of native plant 
species) 

b. Secchi disk depth 

c. Alkalinity 

d. pH 

e. Sediment sand content 

/.    Water column total phosphorus 

g.   Trophic state index 

Since not all lakes in the ensuing analysis had data for the above parameters 
available, the number of lakes per plot was not constant. No lakes were deleted 
as outliers. 

Results and Discussion 

Before discussing the relationship of Eurasian watermilfoil to the environ- 
ment, one other relationship bears examination. The abundance of Eurasian 
watermilfoil was inversely related to cumulative native plant cover (Figure 2). 
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Figure 2.   Relationship between Eurasian water- 
milfoil dominance (as percent of 
littoral zone with Eurasian watermil- 
foil) and native plant cover in 17 lakes 
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Lakes with more than 50 percent Eurasian watermilfoil dominance were found to 
have less than 60 percent cumulative native plant cover. Although this has been 
quantitatively documented in one instance for a given lake over time (Madsen 
et al. 1991) and reported as occurring in other systems (Aiken, Newroth, and 
Wile 1979; Grace and Wetzel 1978; Smith and Barko 1990), it documents a 
relationship for many lakes over a range of Eurasian watermilfoil dominance. 

Dissolved organic carbon or alkalinity has often been cited as a parameter 
associated with the success of Eurasian watermilfoil in lakes (Grace and Wetzel 
1978; Smith and Barko 1990). In fact, the photosynthetic rate in Eurasian 
watermilfoil has been correlated to dissolved inorganic carbon for a group of 
Italian lakes (Adams, Guilizzoni, and Adams 1978). Nevertheless, the present 
study indicated abundant Eurasian watermilfoil across a broad range of alkalinity 
(Figure 3). Other studies have also observed the occurrence of Eurasian water- 
milfoil across a broad range in alkalinity, but have not generally measured 
Eurasian watermilfoil abundance (Crow and Hellquist 1983). A similar plot of 
Eurasian watermilfoil dominance versus pH appears to give a relationship 
(Figure 4), but pH is a highly variable parameter. Likewise, the low number of 
lakes at the low end of the pH spectrum severely limits the usefulness of this 
relationship. Eurasian watermilfoil is not typically found in abundance in either 
clearwater or brownwater acid lakes (Warrington 1985). 
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Figure 3. Relationship between Eurasian watermilfoil 
dominance and alkalinity (mg CaC03 L"1) in 
39 lakes 
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Figure 4.   Relationship between Eurasian watermilfoil 
dominance and pH in 25 lakes, with an 
approximate boundary indicated with a 
dashed line 

Light is often recognized as a parameter that controls the presence of sub- 
mersed aquatic plants (Barko, Adams, and Clesceri 1986), but it is a poor pre- 
dictive tool for Eurasian watermilfoil dominance relative to native plants due to 
its widespread effect on all plants. A plot of Eurasian watermilfoil dominance 
versus Secchi disk depth, as a measure of lake transparency, indicates that Euras- 
ian watermilfoil is abundant in some very low-transparency lakes (Figure 5). 

Sediment fertility has also been evaluated as related to the growth of Eurasian 
watermilfoil, as with other submersed macrophytes (Smith and Barko 1990). 
Growth limitation of Eurasian watermilfoil due to insufficient sediment nitrogen 
has been documented (Anderson and Kalff 1986). Unfortunately, few lakes are 
monitored for sediment nitrogen levels. One possible correlate is the percent 
composition of sand in sediment. Sandy sediments are known to be of low 
fertility (Barko, Adams, and Clesceri 1986). A plot of Eurasian watermilfoil 
dominance versus percent sand composition of sediments (Figure 6) indicates a 
potential maximal limit which increases from 10 percent sand to 18 percent sand, 
possibly indicating the low growth potential of plants rooted in highly organic 
sediments. Above 18 percent sand, the upper limit of Eurasian watermilfoil 
dominance declines, which may be indicative of reduced fertility and growth 
rates. The upper limit of Eurasian watermilfoil dominance is still 80 percent 
when the sediment composition is essentially 100 percent sand. This plot 
demonstrates a very low potential to discriminate between high and low domi- 
nance of Eurasian watermilfoil and relies too heavily on only four points for its 
shape. One confounding factor in this instance is that groundwater often 
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percolates through sandy sediments, which may replenish the concentrations of 
nutrients in these sediments (Loeb and Hackley 1988; Lodge, Krabbenhoft, and 
Striegl 1989). 

Eurasian watermilfoil dominance exhibits possibly the most distinct and pre- 
dictive relationship with total water column phosphorus (Figure 7). The shape of 
this relationship most closely approximates that expected in a theoretical 
Gaussian relationship, being broad at the base and narrow at the top. Eurasian 
watermilfoil dominance increases sharply as water column phosphorus increases 
from oligotrophic (<10 /ig L"1) through mesotrophic (<30 /ig L"1) concentrations 
and decreases above 50 /ig L"1 in what is considered moderately eutrophic lakes 
(Wetzel 1983; Carlson 1977). Eurasian watermilfoil, however, is probably not 
responding directly to water column phosphorus. Experimental studies have 
indicated that Eurasian watermilfoil is generally limited by nitrogen availability 
(Barko 1983; Anderson and Kalff 1986) and that phosphorus is taken up from 
the sediment rather than the water column (Carignan and Kalff 1979,1980; 
Barko and Smart 1981). Total water column phosphorus may be a correlative 
variable for several environmental factors, including sedimentation (which 
initially stimulates plant growth) and phytoplankton abundance (which would 
shade Eurasian watermilfoil) (Jones, Walthi, and Adams 1983). 
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The plot of Eurasian watermilfoil dominance versus Carlson's trophic state 
index (TSI) (Carlson 1977) indicates a narrower margin of abundant Eurasian 
watermilfoil than might be expected (Figure 8). Eurasian watermilfoil was 
found in lakes ranging from 35 (transitional oligotrophic) to 70 (moderately 
eutrophic). Mesotrophic lakes are typically between 40 to 50 TSI (Cooke et al. 
1986). This analysis corroborates observations that Eurasian watermilfoil 
actually appears most abundant in mesotrophic lakes and moderately eutrophic 
lakes (Smith and Barko 1990). If the abundant Eurasian watermilfoil lake at 
35 TSI is excluded, then the remaining relationship indicates a sharp increase in 
abundance from 35 to 55 TSI and a decline from 55 to 75 TSI. 
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Figure 8.     Relationship between Eurasian watermilfoil 
dominance and Carlson's trophic index for 
34 lakes, with an approximate boundary 
indicated with a dashed line and an addi- 
tional approximate boundary, disregarding 
one point, indicated with a dotted line 

In a preliminary attempt to identify factors that might predict the eventual 
success of Eurasian watermilfoil in infested lakes, total water column phos- 
phorus and Carlson's TSI were identified as potential indicators of lakes at risk. 
From this analysis, lakes with a total phosphorus (TP) of 20-60 /ug L"1 or a 
Carlson's TSI of 45-65 were most at risk of dominance by Eurasian watermilfoil. 
Using this type of tool, monitoring and management resources might be 
allocated to those lakes most likely to develop substantial nuisance growths of 
Eurasian watermilfoil, with the accompanying impacts to both human use and 
the lake ecosystem. 
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2    Application to the 
Distribution of Eurasian 
Watermilfoil in Minnesota 

Introduction 

One neglected aspect of aquatic plant management has been prevention, 
including early detection and management of new infestations. Given that many 
resource managers and government agencies have far more resources to manage 
than means to manage them, the availability of tools to focus management efforts 
to resources most likely to need attention would be of great benefit. 

In the case of exotic plant species, several studies have already indicated 
ways in which resources can be focused. Research in British Columbia 
(Newroth 1989) and New Zealand (Johnstone, Coffey, and Howard-Williams 
1985) has demonstrated the importance of boat traffic on the dispersal of exotic 
plant species between watersheds and lakes. Management responses to these 
results have included boat inspections, public education, and surveys focused on 
popular boating areas or near highway access. However, tools to help predict 
which lakes are most susceptible to the incursion of exotic plant species, such as 
Eurasian watermilfoil, would further refine the focus for management efforts. 

Materials and Methods 

The relationships defined in Chapter 1 were used to define upper maximum 
boundaries for relationships between Eurasian watermilfoil dominance and lake 
limnological parameters. The two parameters that indicated the best relation- 
ships were average lake water column total phosphorus (Figure 7) and Carlson's 
TSI (Figure 8). The ascending and descending boundaries for each parameter 
were fitted with a simple linear equation. 

For water column total phosphorus (Figure 7), the equation for the ascending 
boundary was: 
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EWMD = 21.4 +2.26 *(TP) (1) 

where EWMD is dominance of Eurasian watermilfoil and TP is lake water 
column total phosphorus. The descending boundary equation was: 

EWMD = 111-0.619 *(7P) (2) 

For a given data set, both calculations are made and the lower of the two num- 
bers is used to represent potential dominance by Eurasian watermilfoil based on 
TP. 

For TSI, the ascending boundary equation was: 

EWMD = -234+6.35 *(TSI) (3) 

The dotted line from Figure 8, which excludes one data point, was utilized for 
this equation. For the descending upper boundary, the equation was: 

EWMD = 419-5.63 *(TST) (4) 

As with the equations for TP, both calculations are made and the lower of the 
two numbers is used to represent potential dominance by Eurasian watermilfoil 
based on TSI. 

Since the state of Minnesota has over 13,000 lakes, an existing classification 
set was used to compare known Eurasian watermilfoil distributions to those 
predicted from this data set. The Schupp lake class classifies Minnesota lakes 
into 44 classes based on limnological parameters and fish communities (Schupp 
1992). Mean limnological parameters, such as mean TSI or TP for each lake 
class, were used as surrogates for actual lakes. Information on the infestation of 
Eurasian watermilfoil in Schupp lake classes was taken from Johnson and 
Newman (1994). 

Results and Discussion 

Predicted dominance of Eurasian watermilfoil was similar from results for TP 
and for TSI, so the results from TSI will be used. Predicted Eurasian watermil- 
foil dominance (which is an estimate of the proportion or percentage of littoral 
zone which will have Eurasian watermilfoil) from the TSI equations for Schupp 
lake classes ranged from -15 to 112 (Figure 9). While many lake classes are 
unlikely to have large infestations of Eurasian watermilfoil, 27 lake classes were 
predicted to potentially have a Eurasian watermilfoil dominance of more than 
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Figure 9.   Predicted Eurasian watermilfoil dominance by Schupp lake class 
(Schupp 1992) based on prediction from Carlson's TSI 

60 percent of the littoral zone. Lakes from these Schupp lake classes were found 
distributed throughout the state. 

Johnson and Newman (1994) reported on the number of lakes in each Schupp 
lake class which did and did not have Eurasian watermilfoil (Figure 10). Lake 
class 24 had the highest number of lakes infested, with other lake classes having 
only a few lakes each with Eurasian watermilfoil. They attribute this to the 
restriction of spread from the geographic center of Eurasian watermilfoil in 
Minnesota, the metropolitan lakes. When the percent of lakes in the Schupp lake 
class are compared to the predicted potential dominance of Eurasian watermilfoil 
in the littoral zone of the lakes, it is clear that Eurasian watermilfoil could sur- 
vive quite well in many more Minnesota lakes than are currently infested (Fig- 
ure 11). Lakes with a predicted dominance of Eurasian watermilfoil above 
60 percent should represent a very hospitable environment to Eurasian water- 
milfoil, and successful introductions should spread well within the lake. Despite 
this, proportionally very few lakes with high potential dominance of Eurasian 
watermilfoil currently have this species. Since Eurasian watermilfoil is largely 
found around the metropolitan area, prevention efforts of boat inspections and 
public education have been successful in reducing the spread of Eurasian 
watermilfoil. Clearly, Eurasian watermilfoil could spread well beyond the 
metropolitan area. 

The tool presented may be utilized to suggest the potential dominance of 
lakes by Eurasian watermilfoil. Further refinement of this type of tool, or of 
other statistical models, might further assist in focusing management efforts to 
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prevent the spread of Eurasian watermilfoil in Minnesota. However, this model 
does not predict if, or when, Eurasian watermilfoil will reach a given lake or the 
probability of such an event occurring. Previous assessments of the potential for 
Eurasian watermilfoil to spread in Minnesota have presented too narrow a range 
of lakes both environmentally and geographically. 
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3    Field Surveys of Wisconsin 
Lakes 

16 

Introduction 

In order to supplement data available from the literature and from 
unpublished reports and databases (Appendix A), eight lakes in Wisconsin were 
surveyed for the area of littoral zone dominated by Eurasian watermilfoil. 

Study Sites 

Eurasian watermilfoil occurs in lakes across Wisconsin, but most of the data 
on its occurrence is form lakes in the southeastern portion of the state. 
Therefore, lakes from the northeastern (Big Sand Lake, Duck Lake, Yellow 
Birch Lake), northwestern (Beaver Dam Lake, Nancy Lake, Round Lake), and 
southwestern (Lake Delton, Mirror Lake) portions of the state were selected 
based on the recommendations of Wisconsin Department of Natural Resources 
personnel (Figure 12). 

Materials and Methods 

At each lake, a Trimble GeoExplorer global positioning system (GPS) unit 
was used to map the boundary of the lower depth limit of the littoral zone (e.g., 
shoreline) and the outer depth limit of the littoral zone. The outer depth of the 
littoral zone was defined as the 6-m (20-ft) depth contour. This value was 
checked for each lake against a depth of 1.5 times the Secchi disk depth, which 
is an approximate depth limit for many aquatic macrophytes. Secchi disk depth 
was measured in each lake near midday while anchored in a location at least 6 m 
(20 ft) deep, and generally much more, that was free of vegetation or other 
obstructions to visual observation of the Secchi disk. The entire perimeter of the 
littoral zone was examined twice, during which time a list was made of all 
species observed. Lastly, all dense beds of Eurasian watermilfoil were mapped 
using the Trimble GeoExplorer. 
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Nancy Lake 
•               Round Lake 

—\Big Sand Lake 
a Duck Lake __^^ 

Yellow Birch Lake- 

Beaver Dam Lake 

Delton Lake 

Mirror Lake 

Figure 12.   Locations of the eight lakes surveyed in Wisconsin 

As time allowed, line intercept transects were used to evaluate vegetation 
composition, particularly in lakes with significant amounts of Eurasian water- 
milfoil. Two transects, one in unimpacted native stands of vegetation and one in 
areas impacted by dense Eurasian watermilfoil, were evaluated in three lakes 
(Beaver Dam, Big Sand, and Nancy). One transect was evaluated in 
Round Lake, in which no dense beds were found. 

Results and Discussion 

Table 1 presents information on the eight lakes surveyed. Of the eight, no 
Eurasian watermilfoil could be found in two lakes (Delton and Duck), and only a 
small amount of Eurasian watermilfoil was found in Round Lake and Yellow 
Birch Lake. 

Beaver Dam Lake 

The mapping for Beaver Dam Lake (Figure 13) indicated a total lake area of 
1,034 acres, with 587 acres of pelagic zone and 447 acres of littoral zone. Dense 
Eurasian watermilfoil beds comprised 66 acres, or 15 percent of the littoral zone. 
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Table 1 
Information on the Eight Wisconsin Lakes Surveyed 

Lake County 
Lake Area 
Acres 

Pelagic Zone 
Area, Acres 

Littoral Area 
Acres 

Area of Dense 
Eurasian 
watermilfoil 
acres (% of 
littoral zone) 

Beaver Dam Barron 1,034 587 447 66.2(15) 

Big Sand Vilas 1,244 349 895 235 (26) 

Delton Sauk 228 0 228 0(0) 

Duck Vilas 92.4 54.5 37.9 0.0 (0) 

Mirror Sauk 68.8 28.9 39.9 9.9 (25) 

Nancy Washburn 582 4.1 578 10.1 (2) 

Round1 Sawyer 

Yellow Birch Vilas 179 129.3 49.3 .06 (0.1) 

1 GPS mapping point files were unreadable, so calculations could not be made. 

A total of 31 aquatic plant species were found in Beaver Dam Lake (Table 2), 
of which 5 were emergent species, 5 were floating-leaved species, and 21 were 
submersed species. Dominant species were Myriophyllum spicatum, 
Potamogeton robbinsii, and Potamogeton zoster if or mis, as based on line 
intercept transect data. 

Big Sand Lake 

Big Sand Lake (Figure 14) totaled 1,244 acres, of which 349 acres were in 
the pelagic zone and 895 acres were in the littoral zone. Dense Eurasian 
watermilfoil beds constituted 235 acres, or 26 percent of the littoral zone. 

A total of 31 species were observed in Big Sand Lake (Table 3), of which 5 
were emergent species, 4 were floating-leaf species, and 22 were submersed 
species. Dominant species were Myriophyllum spicatum, Potamogeton 
robbinsii, and Vallisneria americana. 

Lake Delton 

Lake Delton (Figure 15) was measured as 228 acres, all of it in the littoral 
zone. Four aquatic plant species, all of them submersed, were observed in Lake 
Delton (Table 4). No transects were evaluated in this lake. 

18 Chapter 3   Field Surveys of Wisconsin Lakes 



Beaver Dam Lake 

Littoral Zone 

Pelagic Zone 

Milfoil Beds 

VV    Secchi Depth 

Figure 13.   Map of Beaver Dam Lake indicating littoral zone, pelagic zone, 
Eurasian watermilfoil (milfoil) beds, and Secchi disk depth sample 
site 

Duck Lake 

Duck Lake (Figure 16) was measured to be 92.4 acres, with 54.5 acres in the 
pelagic zone and 37.9 acres in the littoral zone. No Eurasian watermilfoil was 
observed in the lake. Ten aquatic plant species were observed in the lake; one 
was a floating-leaf species and the others were all submersed species (Table 5). 

Mirror Lake 

Mirror Lake (Figure 17) was 68.8 acres, of which 28.9 were pelagic zone and 
39.9 were littoral zone; 9.9 acres (or 25 percent of the littoral zone) of dense 
Eurasian watermilfoil was found. A total of 13 aquatic plant species were 
observed; one was a floating species and the rest were submersed species 
(Table 6). 
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Table 2 
Species List for Beaver Dam Lake and Vegetation Composition 
(Percent Frequency) at Two Transects 

Species 
Transect 1 
N = 45 

Transect 2 
N = 100 

Sum 
N = 145 

Brasenia schreberiJ.F. Grelin 

Ceratophyllum demersum L 7 6 6 

Elodea canadensis Michx. 2 1 

Heteranthera dubia (Jacq.) Small 

Juncus pelocarpus E. Meyer 

Lythrum salicaria L 

Megalodonta beckiiTorr. 

Myriophyllum .alterniflorum DC 1 1 

Myriophyllum sibiricum Komarov 4 1 

Myriophyllum spicatum L. 80 4 28 

Myriophyllum verticillatum L. 

Najas minor AWiorn 

Nupharluteum (Small) E.O. Beal 

Nymphaea odorata Aiton 

Polygonum amphibium L 

Pontederia cordata L. 

Potamogeton amplifolius Tuckerman 29 9 

Potamogeton crispus L 4 1 

Potamogeton diversifolius Raf. 

Potamogeton gramineus L. 1 1 

Potamogeton natans L. 

Potamogeton obtusifolius Mert. & 
Koch. 4 1 

Potamogeton pectinatus L. 

Potamogeton perfoliatus L. 7 1 3 

Potamogeton praelongus Wulfen 

Potamogeton richardsonii (Ar. 
Bennett) Rydb. 

Potamogeton robbinsii Oakes 20 98 74 

Potamogeton zosteriformis Fern. 36 62 54 

Ranunculus longirostris Godron 

Scirpus americanus Pers. 

Typte latifolia L. 
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Big Sand Lake 

Littoral Zone 

^^H   Pelagic Zone 

^^^    Milfoil Beds 

VV    Secchi Depth 

^^^   Transects 

Figure 14.   Map of Big Sand Lake indicating littoral zone, pelagic zone, 
Eurasian watermilfoil (milfoil) beds, Secchi disk depth sample site, 
and vegetation composition transects 

Nancy Lake 

Nancy Lake (Figure 18) was measured as 582 acres, with only 4 acres of 
pelagic zone and 578 of littoral zone. Eurasian watermilfoil beds totaled 
10.1 acres, or 2 percent of the littoral zone. 

Thirty-four aquatic plant species were found in Nancy Lake (Table 7). Of 
those, 7 were emergent, 5 were floating-leaved, and 22 were submersed species. 
Dominants were Myriophyllum spicatum, Potamogeton amplifolius, Potamoge- 
ton robbinsii, Potamogeton zosteriformis, and Vallisneria americana. 
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Table 3 
Species List for Big Sand Lake and Vegetation Composition at 
Two Transects, With Sum of Transects 

Species 
Transect 1 
N=100 

Transect 2 
N=100 

Sum 
N=200 

Brasenia schreberiJ.F. Grelin 

Ceratophyllum demersum L. 8 1 5 

Eleocharis quadrangulata (Michx.) R. 
&S. 

Elodea canadensis (Michx.) 15 55 35 

Heteranthera dubia (Jacq.) Small 

Isoetes echinospora Durieu 7 4 

Juncus pelocarpus E. Meyer 1 1 

Myriophyllum sibiricum Komarov 1 1 

Myriophyllum spicatum L 70 4 37 

Myriophyllum verticillatum L 

Najas minor Allioni 21 11 

Nuphar luteum (Small) E.O. Beal 

Nymphaea odorata Aiton 

Polygonum amphibium L. 

Potamogeton alpinus Balbis 

Potamogeton amplifolius Tuckerman 1 1 

Potamogeton diversifolius Raf. 

Potamogeton gramineus L. 42 1 22 

Potamogeton illinoensis Morong 

Potamogeton obtusifolius Mert. & 
Koch 

3 2 

Potamogeton perfoliatus L. 2 

Potamogeton praelongus Wulfen 5 19 12 

Potamogeton richardsonii (Ar. 
Bennett) Rydb. 

4 2 3 

Potamogeton robbinsii Oakes 11 100 56 

Potamogeton zosteriformis Fern. 5 1 3 

Ranunculus longirostris Godron 

Sagittaria graminea Michx. 

Scirpus americanus Pers. 

Scirpus sp. 

Typha latifolia L. 

Vallisneria americana L. 31 16 
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Delton Lake 

|   Littoral Zone 

Figure 15.   Map of Lake Delton indicating littoral zone area 

Table 4 
Species List for Lake Delton, Sauk County, Wisconsin 

Specie 

Potamogeton natans L 

Potamogeton pectinatus L 

Potamogeton pusillus L. 

Vallisneria americana L. 

Round Lake 

The pelagic and littoral zone of Round Lake are shown in Figure 19. The 
GPS data file was corrupted, so calculations of acreage were not performed. 
Only one plant of Eurasian watermilfoil was found in the lake. Inquiries to local 
marina operators indicated that a herbicide treatment had recently been 
performed. 
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Duck Lake 

I    I Littoral Zone 

|  Pelagic Zone 

VV Secchi Depth 

Figure 16.   Map of Duck Lake indicating littoral zone, pelagic zone, and Secchi 
disk depth sample site 

Table 5 
Species List for Duck Lake, Vilas County, Wisconsin 

Species 

Myriophyllum sibiricum Komarov 

Myriophyllum spicatum L. 

Najas flexilis (Willd.) Rostk. & Schmidt 

Nupharluteum (Small) E.O. Beal 

Potamogeton amplifolius Tuckerman 

Potamogeton epihydrus Raf. 

Potamogeton pusillus L. 

Potamogeton spirillus Tuckerman 

Potamogeton zosteriformis Fern. 

Vallisneria americana L. 
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Mirror Lake 

Littoral Zone 

Pelagic Zone 

Milfoil Bed 

J|      Secchi Point 

Figure 17.   Map of Mirror Lake indicating littoral zone, pelagic zone, Eurasian 
watermilfoil (milfoil) bed, and Secchi disk depth sample site 

A total of 27 aquatic plant species were observed in Round Lake (Table 8), of 
which 4 were emergent, 5 were floating-leaved, and 18 were submersed. 
Dominants were Potamogeton gramineus and Potamogeton robbinsii. 
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Table 6 
Species List for Mirror Lake, Sauk County, Wisconsin 

Species 

Ceratophyllum demersum L. 

Elodea canadensis Michx. 

Heteranthera dubia (Jacq.) Small 

Lemna minor L. 

Myriophyllum sibiricum Komarov 

Myriophyllum spicatum L. 

Potamogeton amplifolius Tuckerman 

Potamogeton crispus L. 

Potamogeton nodosus Poinet 

Potamogeton pectinatus L. 

Potamogeton praelongus Wulfen 

Potamogeton spirillus Tuckerman 

Potamogeton zosteriformis Fern. 

I     I Littoral Zone 

E22 Milfoil Bed 

"£? Secchi Depth 

^^ Transect Lines 

Figure 18.   Map of Nancy Lake indicating littoral zone, Eurasian watermilfoil 
(milfoil) bed, Secchi disk depth sample site, and vegetation 
composition transects 
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Table 7 
Species List for Nancy Lake and Vegetation Composition (Percent 
Frequency) for Two Transects and Their Summary 

Species 
Transect 1 
N = 60 

Transect 2 
N = 100 

Sum 
N = 160 

Brasenia schreberi (Michx.) Roemer 
& Schmidt 

Ceratophyllum demersum L 

Eleocharis acicularis (L) Roemer & 
Schmidt 

Eleocharis quadrangulata (Michx.) 
R&S 

Elodea canadensis Michx. 23 14 

Juncus pelocarpus E. Meyer 7 15 12 

Megalodonta beckiiTorr. 8 16 13 

Myriophyllum sibiricum Komarov 3 2 

Myriophyllum spicatum L. 43 3 18 

Myriophyllum tenellum L. 10 6 

Najas minor Allioni 8 1 4 

Nupharluteum (Small) E.O. Beal 

Nymphaea odorata Aiton 

Polygonum amphibium L. 

Pontederia cordata L. 

Potamogeton alpinus Balbis 

Potamogeton amplifolius Tuckerman 3 65 42 

Potamogeton gramineus L. 23 9 

Potamogeton illinoensis Morong 

Potamogeton natans L. 

Potamogeton obtusifolius Mert. & 
Koch 

8 3 5 

Potamogeton perfoliatus L 

Potamogeton praelongus Wulfen 3 1 

Potamogeton pusillus L 10 9 9 

Potamogeton robbinsii Oakes 25 84 62 

Potamogeton zosteriformis Fern. 10 45 32 

Ranunculus longirostris Godron 3 1 2 

Ranunculus reptans L. 15 6 

Sagittaria graminea Michx. 4 3 

Scirpus americanus Pers. 

Scirpus subterminalis Torr. 

Sparganium eurycarpum Engelm. 

Typha latifolia L 

Vallisneria americana L. 45 31 36 
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Round Lake 

Littoral Zone 

^^|    Pelagic Zone 

■^     Secchi Depth 

Transect Line 

Figure 19.   Map of Round Lake indicating littoral zone, pelagic zone, Secchi 
disk depth sample site, and vegetation composition transect 

Yellow Birch Lake 

Yellow Birch Lake (Figure 20) was 18.6 acres, of which 129.3 were in the 
pelagic zone and 49 were in the littoral zone. A small Eurasian watermilfoil bed 
of 0.06 acres was found, constituting 0.1 percent of the littoral zone. Twelve 
species of aquatic plants were found in Yellow Birch Lake (Table 9), of which 
one was a floating-leaved species and eleven were submersed species. 
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Table 8 
Species List for Round Lake and Vegetation Composition 
(Percent Frequency) for One Transect 

Species 
Transect 1 
N=100 

Brasenia schreberi J. F. Grelin 

Ceratophyllum demersum L. 

Elodea canadensis Michx. 1 

Isoetes echinospora Durieu 3 

Juncus pelocarpus E. Meyer 5 

Megalodonta beckiiTorr. 12 

Myriophyllum sibiricum Komarov 2 

Myriophyllum spicatum L. 

Najas minor Allioni 24 

Nuphar luteum (Small) E. 0. Beal 

Nymphaea odorata Aiton 

Polygonum amphibium L. 

Potamogeton amplifolius Tuckerman 5 

Potamogeton gramineus L. 55 

Potamogeton illinoensis Morong 4 

Potamogeton natans L 

Potamogeton perfoliatus L. 3 

Potamogeton praelongus Wulfen 12 

Potamogeton pusillus L. 4 

Potamogeton robbinsii Oakes 50 

Potamogeton zosteriformis Fern. 12 

Sagittaria graminea Michx. 10 

Scirpus americanus Pers. 

Sparganium eurycarpum Engelm. 

Typ/?a latifolia L. 

Utricularia vulgaris L. 

Vallisneria americana L. 66 
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Yellow Birch Lake 

□ Littoral Zone ■ Pelagic Zone 

WA Milfoil Bed 

<& Secchi Depth 

Figure 20.   Map of Yellow Birch Lake indicating littoral zone, pelagic zone, 
Eurasian watermilfoil (milfoil) bed, and Secchi disk depth sample 
site 

Table 9 
Species List for Yellow Birch Lake, Vilas County, Wisconsin 
Species 

Elodea canadensis Michx. 

Myriophyllum sibiricum Komarov 

Myriophyllum spicatum L. 

Najas flexilis (Willd.) R & S 

Nupharluteum (Small) E. O. Beal 

Potamogeton amplifolius Tuckerman 

Potamogeton epihydrus Raf. 

Potamogeton pusillus L 

Potamogeton robbinsii Oakes 

Potamogeton spirillus Tuckerman 

Potamogeton zosteriformis Fern. 

Vallisneria americana L 

30 Chapter 3   Field Surveys of Wisconsin Lakes 



References 

Adams, M. S., Guilizzoni, P., and Adams, S. (1978). "Relationship of dissolved 
inorganic carbon to macrophyte photosynthesis in some Italian lakes," 
Limnol. Oceanogr. 23,912-19. 

Aiken, S. G., Newroth, P. R., and Wile, I. (1979). "The biology of Canadian 
weeds. 34. Myriophyllum spicatum L.," Can. J. Plant Sei. 59, 201-15. 

Anderson, M. R., and Kalff, J. (1986). "Nutrient limitation of Myriophyllum 
spicatum grown in situ," Freshwat. Biol. 16, 735-43. 

Barko, J. W. (1983). "The growth of Myriophyllum spicatum L. in relation to 
selected characteristics of sediment and solution," Aquat. Bot. 15,91-103. 

Barko, J. W., Adams, M. S., and Clesceri, N. L. (1986). "Environmental factors 
and their consideration in the management of submersed aquatic vegetation: 
A review," J. Aquat. Plant Manage. 24,1-10. 

Barko, J. W., and Smart, R. M. (1981). "Sediment-based nutrition of submersed 
macrophytes,"A#Mflf. Bot. 10,339-52. 

Bates, AL., Burns, E. R., and Webb, D. H. (1985). "Eurasian watermilfoil 
(Myriophyllum spicatum L.) in the Tennessee Valley: An update on biology 
and control." Proceedings, 1st International Symposium on Watermilfoil 
(Myriophyllum spicatum) and Related Haloragaceae Species. Aquatic Plant 
Management Society, Vicksburg, MS, 104-15. 

British Columbia. (1981). "A summary of biological research on Eurasian 
watermilfoil in British Columbia," Information Bulletin Vol. IX. Province of 
British Columbia, Ministry of Environment. 

Carignan, R., and Kalff, J. (1979). "Quantification of the sediment phosphorus 
available to aquatic macrophytes,"/. Fish. Res. Bd. Can. 36,1002-05. 

 . (1980). "Phosphorus source for aquatic weeds: Water or 
sediment?" Science 207, 987-89. 

References 31 



Carlson, R. E. (1977). "A trophic state index for lakes," Limnol. Oceanogr. 
22,363-69. 

Cooke, C. D., Welch, E. B., Peterson, S. A., and Newroth, P. R. (1986). Lake 
and reservoir restoration. Butterworths Publishers, Boston. 

Couch, R., and Nelson, E. (1985). "Myriophyllum spicatum in North America." 
Proceedings, 1st International Symposium on Watermilfoil (Myriophyllum 
spicatum) and Related Haloragaceae Species. Aquatic Plant Management 
Society, 8-18. 

Crosson, H. (1987). "Vermont Eurasian watermilfoil control program," 
December 1987, Vermont Department of Environmental Conservation, 
Waterbury, VT. 

Crow, G. E., and Hellquist, C. B. (1983). "Aquatic vascular plants of 
New England: Part 6. Trapaceae, Haloragaceae, Hippuridaceae," 
Bulletin 524, New Hampshire Agricultural Experiment Station, University of 
New Hampshire, Durham, NH. 

Cyr, H., and Downing, J. A. (1988). "Empirical relationships of 
phytomacrofaunal abundance to plant biomass and macrophyte bed 
characteristics," Can. J. Fish. Aquat. Sei. 45, 976-84. 

Doyle, R., and Smart, R. M. (1995). "Competitive interactions of native plants 
with nuisance species in Guntersville Reservoir, Alabama." Proceedings, 
29th Annual Meeting, Aquatic Plant Control Research Program, 
14-17 November 1994. Miscellaneous Report A-95-3, U.S. Army Engineer 
Waterways Experiment Station, Vicksburg, MS, 237-42. 

Frodge, J. D., Marino, D. A, Pauley, G. B., and Thomas, G. L. (1995). 
"Mortality of largemouth bass (Micropterus salmoides) and steelhead trout 
(Oncorhynchus mykiss) in densely vegetated littoral areas tested using an in 
situ bioassay," Lake Reserv. Manage. 11, 343-58. 

Frodge, J. D., Thomas, G. L., and Pauley, G. B. (1991). "Sediment phosphorus 
loading beneath dense canopies of aquatic macrophytes," Lake Reserv. 
Manage. 7, 61-71. 

Gibbons, H. L., Jr., and Gibbons, M. V. (1985). "Control and management of 
Eurasian watermilfoil in the Pend Oreille River, Washington." Proceedings, 
1st International Symposium on Watermilfoil (Myriophyllum spicatum) and 
Related Haloragaceae Species. Aquatic Plant Management Society, 
Vicksburg, MS, 116-25. 

Grace, J. B., and Wetzel, R. G. (1978). "The production biology of Eurasian 
watermilfoil (Myriophyllum spicatum L.): A review," J. Aquat. Plant 
Manage. 16,1-11. 

32 References 



Hartleb, C. F., Madsen, J. D., and Boylen, C. W. (1993). "Environmental 
factors affecting seed germination in Myriophyllum spicatum L.," Aquat. 
Bot. 45,15-25. 

Hough, R. A., Allenson, T. E., and Dion, D. D. (1991). "The response of 
macrophyte communities to drought-induced reduction of nutrient loading in 
a chain of lakes," Aquat. Bot. 41, 299-308. 

Hough, R. A., Fornwall, M. D., Negele, B. J., Thompson, R. L., and Putt, D. A. 
(1989). "Plant community dynamics in a chain of lakes: Principal factors in 
the decline of rooted macrophytes with eutrophication," Hydrobiologia 173, 
199-217. 

Johnson, J. T., and Newman, R. M. (1994). "A multi-variate model to predict 
Eurasian watermilfoil infestations," March 1994, Department of Fisheries and 
Wildlife, University of Minnesota, St. Paul, MN. 

Johnstone, I. M., Coffey, B. T., and Howard-Williams, C. (1985). "The role 
of recreational boat traffic in the interlake dispersal of macrophytes: A 
New Zealand case study," J. Environ. Manage. 20,263-79. 

Jones, R. C, Walthi, K., and Adams, M. S. (1983). "Phytoplankton as a factor 
in the decline of the submersed macrophyte Myriophyllum spicatum L. in 
Lake Wingra, Wisconsin, U.S.A.," Hydrobiologia 107,213-219. 

Keast, A. (1984). "The introduced macrophyte, Myriophyllum spicatum, as a 
habitat for fish and their invertebrate prey," Can. J. Zool. 62,1289-1303. 

Kimbel, J. C. (1982). "Factors influencing potential intralake colonization by 
Myriophyllum spicatum L.," Aquat. Bot. 14, 295-307. 

Kimbel, J. C, and Carpenter, S. R. (1981). "Effects of mechanical harvesting 
on Myriophyllum spicatum L. 1. Regrowth and carbohydrate allocation to 
roots and shoots," Aquat. Bot. 11,121-27. 

Krull, J. N. (1970). "Aquatic plant-invertebrate associations and waterfowl," 
J. Wildl. Manage. 34, 707-18. 

Lillie, R. A, and Budd, J. (1992). "Habitat architecture of Myriophyllum 
spicatum as an index to habitat quality for fish and macroinvertebrates," 
/. Freshwat. Ecol. 7,113-25. 

Lillie, R. A., and Barko, J. W. (1990). "Influence of sediment and groundwater 
on the distribution and biomass of Myriophyllum spicatum L. in Devil's Lake, 
Wisconsin,"/. Freshw. Ecol. 5,417-26. 

Lodge, D. M., Krabbenhoft, D. P., and Striegl, R. G. (1989). "A positive 
relationship between groundwater velocity and submersed macrophyte 
biomass in Sparkling Lake, Wisconsin," Limnol. Oceanogr. 34, 235-39. 

References 33 



Loeb, S. L., and Hackley, S. H. (1988). "The distribution of submerged macro- 
phytes in Lake Tahoe, California and Nevada, and the possible influence of 
groundwater seepage," Verh. Internat. Verein. Limnol. 23,1927-33. 

Maceina, M. J., Cichra, M. F., Betsill, R. K., and Bettoli, P. W. (1992). 
"Limnological changes in a large reservoir following vegetation removal by 
grass carp," J. Freshwat. Ecol. 7, 81-95. 

Madsen, J. D. (1994). "Invasions and declines of submersed macrophytes in 
Lake George and other Adirondack lakes," Lake Reserv. Manage. 10,19-23. 

Madsen, J. D., and Boylen, C. W. (1989). "Eurasian watermilfoil seed ecology 
from an oligotrophic and eutrophic lake,"/. Aquat. Plant Manage. 27,119- 
121. 

Madsen, J. D., and Getsinger, K. D. (1995). "Assessment of aquatic plants 
before and after a triclopyr treatment in Lake Minnetonka, MN." Proceed- 
ings, 29th Annual Meeting, Aquatic Plant Control Research Program. 
14-17 November 1994. Miscellaneous Report A-95-3, U.S. Army Engineer 
Waterways Experiment Station, Vicksburg, MS. 

Madsen, J. D., and Smith, D. H. (1997). "Vegetative spread of Eurasian 
watermilfoil colonies,"/. Aquat. Plant Manage. 35, 63-68. 

Madsen, J. D., Dick, G. O., Honnell, O., Shearer, J., and Smart, R. M. (1994). 
"Ecological assessment of Kirk Pond," Miscellaneous Paper A-94-1, 
U.S. Army Engineer Waterways Experiment Station, Vicksburg, MS. 

Madsen, J. D., Eichler, L. W., and Boylen, C. W. (1988). "Vegetative spread of 
Eurasian watermilfoil in Lake George, New York," /. Aquat. Plant Manage. 
26, 47-50. 

Madsen, J. D., Sutherland, J. W., Bloomfield, J. A., Eichler, L. W., and Boylen, 
C. W. (1991). "The decline of native vegetation under dense Eurasian 
watermilfoil canopies," J. Aquat. Plant Manage. 29, 94-9. 

Miller, G. L., and Trout, M. A. (1985). "Changes in the aquatic plant 
community following treatment with the herbicide 2,4-D in Cayuga Lake, 
New York." Proceedings, 1st International Symposium on Watermilfoil 
(Myriophyllum spicatum) and Related Haloragaceae Species. Aquatic Plant 
Management Society, Vicksburg, MS, 126-38. 

Newman, R. M., and Maher, L. M. (1995). "New records and distribution of 
aquatic insect herbivores of watermilfoils (Haloragaceae: Myriophyllum 
spp.) in Minnesota," Entomol. News 106,6-12. 

34 References 



Newroth, P. R. (1989). "Prevention of Eurasian watermilfoil spread." 
Proceedings, National Conference on Enhancing States Lake and Wetland 
Management Programs. North American Lake Management Society, 
Chicago, IL, 93-100. 

 . (1993). "Application of aquatic vegetation identification, 
documentation, and mapping in Eurasian watermilfoil control projects," 
Lake Reserv. Manage. 7,185-96. 

Nichols, S. A. (1994). "Factors influencing the distribution of Eurasian 
watermilfoil (Myriophyllum spicatum L.) biomass in Lake Wingra, 
Wisconsin,"/. Freskw. Ecol. 9,145-51. 

Ozimek, T., Gulati, R. D., and van Donk, E. (1990). "Can macrophytes be 
useful in biomanipulation of lakes? The Lake Zwemlust example," 
Hydrobiologia 200/201, 399-407. 

Petticrew, E. L., and Kalff, J. (1992). "Water flow and clay retention in 
submerged macrophyte beds," Can. J. Fish. Aquat. Sei. 49, 2483-89. 

Rogers, S. J., James, W. F., and Barko, J. W. (1995). "Sources of mineral 
nutrition for submersed macrophyte growth in riverine systems: Results of 
initial investigations." Proceedings, 29th Annual Meeting, Aquatic Plant 
Control Research Program. 14-17 November 1994, Miscellaneous Report 
A-95-3, U.S. Army Engineer Waterways Experiment Station, Vicksburg, 
MS, 194-200. 

Rybicki, N., and Carter, V. (1995). "Revegetation and propagule transport in 
the tidal Potomac River." Proceedings, 29th Annual Meeting, Aquatic Plant 
Control Research Program. 14-17 November 1994, Miscellaneous Report 
A-95-3, U.S. Army Engineer Waterways Experiment Station, Vicksburg, 
MS, 201-18. 

Savino, J. F., and Stein, R. A. (1989). "Behavior of fish predators and their 
prey: Habitat choice between open water and dense vegetation," Environ. 
Biol. Fishes 24, 287-293. 

Schupp, D. H. (1992). "An ecological classification of Minnesota lakes with 
associated fish communities," Investigational Report 417, Minnesota 
Department of Natural Resources, St. Paul, MN. 

Seki, H., Takahashi, M., and Ichimura, S.-E. (1979). "Impact of nutrient 
enrichment in a waterchestnut ecosystem at Takahama-Iri Bay of 
Lake Kasumigaura, Japan," Water, Air, SoilPollut. 12,383-391. 

Smith, C. S., and Barko, J. W. (1990). "Ecology of Eurasian watermilfoil," 
J. Aquat. Plant Manage. 28,55-64. 

References 35 



Soltero, R. A., Knight, D. T., Sexton, L. M., Siegmund, B. L., Wargo, L. L., 
Wainwright, M. L., and Lamb, D. S. (1991). "Water quality assessment and 
restoration alternatives for Sacheen Lake, WA," Washington Department of 
Ecology, Olympia, WA. 

Thurston County. (1994). "Long Lake aquatic plant survey," Thurston County 
Water and Waste Management Utilities and Special Services Division, 
Washington. 

Truelson, R. L. (1985). "Community and government in control of Eurasian 
watermilfoil in Cultus Lake, B.C." Proceedings, 1st International Symposium 
on Watermilfoil (Myriophyllum spicatum) and Related Haloragaceae 
Species. Aquatic Plant Management Society, Vicksburg, MS, 154-62. 

U.S. Geological Survey. "Biological resources, Gainesville, FL." Worldwide 
Web Homepage: http://nas.nfrcg.gov/dicots/ (August 1997). 

Warren, S. (1995). "Aquatic plant surveys," Vermont Department of 
Environmental Conservation, Water Quality Division. 

Warrington, P. D. (1985). "Factors associated with the distribution of 
Myriophyllum in British Columbia." Proceedings, 1st International 
Symposium on Watermilfoil (Myriophyllum spicatum) and Related 
Haloragaceae Species. Aquatic Plant Management Society, 79-94. 

WATER Environmental Services and KCM, Inc. (1995). "Lake Twelve 
Integrated Aquatic Plant Management Plan," WATER Environmental 
Services. 

Wetzel, R. G. (1983). Limnology. 2nd ed., Saunders College Publishing, 
Philadelphia. 

36 References 



Appendix A 
Data From Literature Sources 

Table Al presents data from the literature and unpublished reports for lakes 
with Eurasian watermilfoil in North America. 

The variables used in Table Al are as follows: 

CASE = case number 
LAKE = lake name 
STATE = abbreviation of state or province 
COUNTY = county name 
TWNSHP = township designation 
LAT = latitude 
LONG = longitude 
YR = last two digits of year of study 
C1T# = citation number (see reference list that follows) 
%SAND = percent sand in lake sediment 
RELMS = relative abundance of Eurasian watermilfoil 
MSCOV = percent cover of Eurasian watermilfoil 
MSAREA = area of Eurasian watermilfoil in lake 
SUBM = number of submersed species in lake 
FLOAT = number of floating-leaved species in lake 
EMERG = number of emergent species in lake 
AREA= area of lake, in acres 
LAREA = area of lake littoral zone, in acres 
SECCHI = Secchi disk depth, in meters 
ALKAL = alkalinity of lake water, in mg CaCO3 L"1 

TP = total phosphorus of lake water, in fig L"1 

TSI = Carlson's trophic state index 
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The following is a list of references cited in Table Al: 

Published citations (P): 

1,P 
2,P 
3,P 
4,P 
5,P 
6,P 
7,P 

8,P 
9,P 

10,P: 
11,P: 
12,P: 
13,P: 

= Thurston County 1994 14,P = 
: Warren 1995 
= Madsen 1994 15,P = 
= Kimbel and Carpenter 1981 16,P = 
: British Columbia 1981 17,P = 
: Nichols 1994 18,P = 
: Bates, Burns, and Webb 

1985 19,P = 
= Gibbons and Gibbons 1985 20,P = 
= Miller and Trout 1985 21,P = 
= Truelson 1985 
: Newroth 1993 22,P = 
= Madsen et al. 1994 23,P = 
: Madsen and Getsinger 1995 

Rogers, James, and Barko 
1995 
Rybicki and Carter 1995 
Doyle and Smart 1995 
Hough et al. 1989 
Hough, Allenson, and Dion 
1991 
Soltero et al. 1991 
Lillie and Barko 1990 
WATER Environmental 
Services 1995 
Newman and Maher 1995 
Crosson 1987 

Unpublished citations (U): 

1,U = Lillie, R. A. "A quantitative survey of the floating-leaved and submersed 
macrophytes of Fish Lake, Dane County, Wisconsin," unpublished report, 
Wisconsin Department of Natural Resources. 

2,U = Welling, C. 1995. Selected comments from a meeting on current research 
on Eurasian watermilfoil held on 14-15 March 1995 in Hudson, Wisconsin, 
25 April 1995. 

3,U = Memorandum for record, John D. Madsen, for site visit to Blue Springs 
Lake, WI, 28 August 1993 

4,U = Leverance, J. 1993. "Blue Spring Lake herbicide treatment, summer 
1993," unpublished report, Wisconsin Department of Natural Resources, 
Southern District. 

5,U = Wood, G. 1993.   "History of nuisance weeds at Blue Spring Lake 1950- 
1993," unpublished report. 

6,U = Welling, C. H. 1993. List of lakes in Minnesota with Eurasian 
watermilfoil, 14 June 1993. 

7,U = Wisconsin Department of Natural Resources, Fact Sheet, Beaver Dam 
Lake, Barron Co., WI 

8,U = Wisconsin Department of Natural Resources, Fact Sheet, Nancy Lake, 
Washburn Co., WI. 
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9,U = Helsel, D. R., Gerber, D. T., and Engel, S. 1995. "Comparing 2,4-D and 
bottom fabrics to control Eurasian watermilfoil. Beulah Lakes, 3 May 1995," 
unpublished report, Wisconsin Department of Natural Resources 

10,U = Chapter 3 of this report. 

11,U = Database of macrophyte survey of 31 southcentral Wisconsin lakes, 
1993. Professor Steve Carpenter and Sarig Gafny, University of Wisconsin- 
Madison, Center for Limnology. 

12,U = Personal communication, Scott Painter, Ontario Ministry of 
Environment. 

13,U = "Minnesota lake water quality assessment data: 1994," provided by 
Steven Heiskary, Minnesota Pollution Control Agency. 

14,U = "Wisconsin ambient lakes," provided by James Vennie, Wisconsin 
Department of Natural Resources. 
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Appendix B 
Data for Lakes Used in 
Limnological Comparisons 

Table Bl presents data obtained from lakes for limnological comparisons. 

The variables used in Table Bl are as follows: 

CASE = case number 
LAKE = lake name 
STATE = abbreviation of state or province 
COUNTY = county name 
YR = last two digits of year the data were collected 
SUBM = number of submersed species in lake 
FLOAT = number of floating-leaved species in lake 
EMERG = number of emergent species in lake 
AREA = area of lake, in acres 
LAREA = area of lake littoral zone, in acres 
SECCHI = Secchi disk depth, in meters 
ALKAL = alkalinity of lake water, in mg CaC03 L"1 

TP = total phosphorus of lake water, in fig L"1 

TSI = Carlson's trophic state index 
RELMS = relative abundance of Eurasian watermilfoil, or "dominance" as used 
in this report 
MSLTCV = littoral area coverage of Eurasian watermilfoil, in acres 
MSRLCV = relative coverage of Eurasian watermilfoil in lake, in percent 
pH = pH of lake water, in units 
%SAND = percent sand in lake sediment 
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